Abstract-In the letter, we propose the design of circulators based on spoof surface plasmon polaritons (SSPP). Rather than striplines, the center conductor is replaced with a blade structure that supports the SSPP mode and exhibits a shorter wavelength and larger wave vector. To enhance the efficiency, a matching transition is employed between the coplanar waveguide and the blade structure. With biased ferrites attached on both the top and bottom sides, the blade structure shows good nonreciprocal properties. The simulation results indicate that in the 5.0-6.6 GHz frequency range, the isolation and return loss reaches 15 dB and the insertion loss is less than 0.5 dB. Since the circulator utilizes the SSPP mode, which exhibits a shorter wavelength than its analogous stripline mode, the size of ferrites, and thus the size of the circulator, can be reduced. Our work provides an effective route to the design of compact, broadband circulators.
I. INTRODUCTION
T HREE-PORT circulators are passive nonreciprocal devices, in which a microwave or radio frequency signal entering any port can only transmit to the next port in rotation [1] - [5] . Nowadays, circulators are used more often in microwave technologies. For instance, circulators are usually used in radar systems to connect the transmitter and receiver to the same antenna, avoiding interference between them [6] . To realize broadband characteristics, the central conductor, usually with the form of junction striplines, should have a long transmission line to achieve impedance matching for low return loss. The long stripline also means more bulky ferrites and magnets. Therefore, it is still a challenge to reduce the size of circulators while retaining its broadband characteristics.
Recently, with the rapid development of electromagnetic (EM) metamaterials, research on the spoof surface plasmon polaritons (SSPPs) has gained great impetus. SSPP is the lowfrequency version of surface plasmon polaritons (SPPs), which is a hybrid mode confined on the interface of two materials with opposite signs of permittivity or permeability. Analogous to SPP, SSPP concentrates on the interface, propagates parallel to the interface, and decays exponentially in the direction perpendicular to the interface, just like "real SPP" [7] - [10] . In 2004, Pendry et al. reported that structured metal surface can support and propagate SSPP at microwave regimes [7] . Ma et al. proposed conformal SPP that can propagate on singlewire transmission lines [11] . Afterwards, many efforts have been made to improve the coupling efficiency between single wire and coplanar waveguide (CPW) [12] - [14] . Through delicate design, EM waves from conventional transmission lines (striplines, microstrips, CPWs, etc.) can be coupled as SSPP with high efficiency. The wavelength of SSPP is much smaller than that in free space, which makes SSPP promising in reducing the size of microwave devices. Inspired by this, in this letter, we propose the design of circulators based on SSPP. Rather than conventional striplines, we utilize metallic blade structure as the central conductor of the circulator. To enhance the efficiency, a matching transition is also proposed to match CPW and the blade structure, which is constructed by gradient corrugations and flaring ground. The blade structure can support SSPP mode with smaller wavelength in a broad band. Due to the shorter wavelength, such a design will reduce the space occupied by the ferrites and magnets and meanwhile keeps the broadband characteristics of the circulator.
II. DESIGN
As shown Fig. 1 , the inner conductor of the circulator is put in the center area of the circulator, typically with three branches. Above and below the inner conductor, there are two ferrite discs 1536-1225 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. inserted into dielectric sleeves (Neltec NY9208 ε r = 2.08, tan δ = 0.001). The dielectric sleeves are used for impedance matching. Two ground planes are put on top and bottom of the ferrites. The material of the ferrite is yttrium iron garnet. The saturation magnetization (4πM s ) is 1800 G, the resonance linewidth is 15O e, and the relative permittivity is 14.3. Two ferrite discs with radius r 0 = 4.7 mm, height h 0 = 1.4 mm are used in the design. To operate under SSPP mode, the blade structure, which supports broadband excitation of SSPP, is used as the inner conductor, as shown in Fig. 2(a) . In order to enhance the coupling efficiency of SSPP, we use CPW as the feed structure, together with a smooth transition between CPW and the blade structure, as shown in Fig. 2(b) . The transition section is composed of a stripline etched with gradient grooves and a flaring ground on both sides. The groove depth varies from h 1 = 0.09 mm to h 3 = 0.27 mm with a step of 0.09 mm. The length and width of the flaring ground are designed as L 2 = 2.4 mm and L 3 = 0.9 mm, respectively. The parameters for the blade structure are optimized as: the period of the blade p = 0.5 mm, the width of the grooves a = 0.2 mm, the depth of grooves h = 0.2 mm, the outer radius R 2 = 6.35 mm. Since the groove depth gradually increases and the ground of the matching transition is gradually flared out, the propagation wavenumber is changed from k 0 to k spp , resulting in excellent impedance and momentum matching from CPW (k 0 ) to the blade structure (k spp ). As a result, the SSPP coupling efficiency of the metallic blade structure is enhanced and the return loss of the feeding port can thus be reduced.
It is well known that ferrite under biased static magnetic field H 0 will exhibit strong anisotropic characteristics. Due to the interaction between magnetic moments of the ferrites and biased static magnetic fields, the permeability tensor of the ferrite can be expressed as where μ r and κ are the diagonal and nondiagonal elements of the permeability tensor. In (1),
, where ω is the frequency of EM waves, ω 0 is the free procession frequency of magnetic moments in ferrite, and ω m is the gyromagnetic resonance frequency. The elements of the permeability tensor depend on the frequency of EM waves, the magnitude of biased magnetic fields and the saturation magnetization of the ferrite.
If the blade structure is inserted in between two biased ferrite discs, different components of EM waves will interact with one another, which will make the transmission properties on different branches distinct. Assume the energy is fed in port 1. Due to the anisotropy of the ferrite, the energy on the blade structure is transmitted from port 1 to port 2, rather than evenly distributed into port 2 and 3. Therefore, the blade structure can realize the circulation performance. High-efficiency transmission can be realized as long as the wavenumber gradually varies from k 0 to k spp by the transition section. Moreover, the transition section itself is wideband. The quarter-wave transmission line for impedance matching is unnecessary to realize wideband performance. This makes the circulator smaller since the transition section is much shorter than a quarter-wave transmission line section. Moreover, less space is needed due to high confinement of EM waves around the blade structures. The SSPP waves are concentrated close to the blade structure, which can reduce the bulk of the ferrite.
III. RESULT AND DISCUSSION
The 3-D EM field simulation software based on the finite element method, Ansoft HFSS 15.0, is used to obtain the transmission characteristics of the circulator. The biased magnetic field is 10000 A/m. The simulated return loss, insertion loss, and isolation are given in Fig. 3 . From 5.0 to 6.6 GHz, the return loss and isolation degree are kept above 15 dB, and the insertion loss is less than 0.5 dB. If we relax the insertion loss requirement from 0.5 to 1.0 dB, the bandwidth can reach up to 6.1 GHz (2.6-8.7 GHz), as shown in Fig. 4 .
To give an intuitive illustration of the circulation performance, we also monitor the electric fields at 6.0 GHz. Fig. 5 shows the propagation of electric field intensity distribution around the metallic blade structure of the circulator when energy is fed in port 1. As predicted, high confinement of electric field exists on the blade structure, indicating that the blade structure supports the propagation of SSPP wave. As the confinement EM wave propagates along the x-axis, the confinement electric field in Section I increases gradually. On the contrary, the confinement electric field in Section II decreases.
The intensities of the confinement electric fields are nearly the same in ports 1 and 2, indicating excellent transmission from port 1 to port 2. In contrast, there is very little energy sent from port 1 to port 3. This further verifies the circulation performance of the designed circulator.
To demonstrate the conclusion that circulators based on SSPP are smaller than the traditional ones based on stripline, we compare the bulk of different circulators, as shown in Table I . Circulator 1 is the one proposed in this letter. Circulator 2 is the one proposed in [15] . Circulator 3 is a product made by Uiy Company in China [16] .
As shown in Table I , we can find that the circulator proposed in this letter has the minimum size in the three circulators, and circulator 1 has the smallest bulk of ferrite compared to the operating wavelength. Hence, we can make a conclusion that the new design can reduce the bulk of the ferrite and the circulator.
IV. CONCLUSION
In this letter, we propose to design compact broadband circulators based on the SSPP mode. Since SSPP mode is a highly confined mode whose wavelength is shorter than that in free space, EM waves can be manipulated in more compact space. To operate under SSPP mode, the metallic blade structure is used as the inner conductor of the circulator, instead of striplines. Moreover, transition sections are added onto the feeding ends of the blade structure to enhance the coupling efficiency of SSPP. When the blade structure is inserted between two biased ferrite discs, circulation performance can be achieved due to the gyromagnetic properties of the ferrite. As an example, we demonstrate a circulator operating in 5.0-6.6 GHz, with insertion loss less than 0.5 dB. Moreover, if the insertion loss requirement is relaxed down to 1.0 dB, the operating bandwidth can be extended to 2.6-8.7 GHz. Since the circulator does not need a long transmission line for impedance matching and operates under high-k SSPP mode, the size of the circulator can be made more compact. Our work provides an effective way of designing compact broadband circulators.
